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We have characterized the transcription unit for the human cytomegalovirus UL105 gene and identified its putative protein
product. The UL105 gene product is proposed to mediate helicase activity in the assembled helicase–primase complex.
The two other putative proteins in this complex are the gene products of UL102 (primase-associated factor) and UL70
(primase). Using Northern blot analysis we have determined that the UL105 transcript is a 3.4-kb message that can be
detected as early as 24 hr postinfection in the presence of phosphonoformic acid but not in the presence of cycloheximide.
Subsequent primer-extension analysis showed a transcriptional start site upstream of a consensus TATA sequence and
just downstream of a CCAAT box sequence motif. In addition, we have identified an infected cell protein with an approximate
molecular weight (Mr) of 110 kDa using anti-peptide antiserum. This same antiserum detected proteins of the same Mr as
those produced from two expression systems where the protein from the 981-amino-acid UL105 open reading frame was
overexpressed, suggesting that the ATG located at nt 151,850 of the genomic sequence is utilized in the context of the
virus genome. q 1996 Academic Press, Inc.
The genes required for human cytomegalovirus sential for HSV-1 DNA replication (11–13). The HCMV
protein that drives DNA unwinding in this complex is(HCMV) origin-dependent DNA replication were pre-
viously elucidated by a cotransfection replication assay proposed to be the product of the HCMV UL105 gene (3,
14). The UL105 gene has significant nucleotide sequence(1, 2). The identification of these genes as possible candi-
date homologs for herpes simplex type 1 (HSV-1) and homology to UL5 (helicase) of HSV-1 (3, 14). In HSV-1, a
three-protein complex composed of the UL5, UL8, andEpstein–Barr virus (EBV) replication genes has been dis-
cussed previously in a number of reports (2–4). Replica- UL52 gene products has demonstrated in vitro helicase
and primase activity (13, 15–18).tion genes identified encoding proteins involved in the
enzymatic processes of HCMV DNA synthesis are as Little is known about HCMV UL105 or UL70 gene ex-
pression with respect to identification of their transcrip-follows: a DNA polymerase (UL54), a polymerase acces-
sory protein (UL44), a single-stranded DNA binding pro- tion units, regulation of expression, and infected cell pro-
teins. A limited amount of information can be deducedtein (UL57), a primase (UL70), a helicase (UL105), and a
primase-associated factor (UL102) (1, 2). Of these genes, by examining the subclones of these genes that are re-
quired for origin-dependent DNA replication (1). Thesedetailed analysis of transcriptional regulation, pattern of
expression, and mRNA start site, as well as, in some subclones can be used as a starting point for further
detailed studies with respect to regulation of expressioncases, identification and purification of protein products
have been described for UL54, UL57, UL44, and UL102 due to the presence of cis-acting elements within these
clones and identification of transcripts and their respec-(5–7). In addition, detailed characterization of promoters
for some of these genes has also been reported (7–10). tive proteins.
Human foreskin fibroblasts (HFF) were used for allPreviously, we reported the characterization of the
transcription unit and kinetics of RNA expression for the experiments and were propagated in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovineHCMV UL102 gene (8). This gene encodes the putative
primase-associated factor for HCMV. In HSV-1, the pri- serum as previously described (8).
HCMV (AD169) nucleotide sequence coordinates aremase-associated factor is one of the proteins that make
up a three-subunit helicase–primase complex that is es- from Chee et al. (3).
Figure 1 illustrates the location of UL105 within the
HCMV genome and the relative location of StuI–SmaI1 To whom correspondence and reprint requests should be ad-
dressed. fragment that was used to complement origin-dependent
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FIG. 1. Physical map of HCMV genome and location of UL105. (A) Physical map of HCMV genome showing HindIII and EcoRI cleavage sites.
(B) Subgenomic StuI– SmaI fragment previously demonstrated to be required for origin-dependent DNA replication. Indicated are the relative positions
and nucleotide sequence coordinates of the UL105 ORF. (C) Probe used to define the UL105 transcript and to screen a HCMV (Towne) cDNA
library.
DNA replication (1). In order to identify the UL105 infected primer extension experiment is shown in Fig. 2B. The
UL105 RNA initiates 20 bases upstream of the 5*-endcell transcript we used a strand-specific riboprobe that
is complementary to a region near the putative 5*-end of sequence of a cDNA insert isolated from a cDNA library
generated from a 72 hr postinfection HCMV (Towne)-the UL105 ORF. HFF cells were infected and total cellular
RNA was extracted at various times p.i. and hybridized infected RNA, or 80 bases upstream from the primer
extension oligonucleotide and 251 nt upstream of thewith a UL105 RNA probe. The UL105 riboprobe was
made by using the plasmid pUL105ribo which was made putative UL105 ATG (GenBank Accession No. U51564).
This mRNA start site is 12 bases upstream from a con-by cleaving pUL105 (149,645-155,864) with XbaI (152,333)
and NotI (152,644) and ligating the resulting 311-bp frag- sensus TATA sequence located at nt 151,611 of the
HCMV genomic sequence and 20 bases downstream ofment into XbaI– NotI-cleaved pBlueScript (SK0) (Stra-
tagene, CA). This probe hybridized to an abundant 3.4- a consensus CCAAT box sequence located at nt 151,569.
In order to identify an HCMV infection-specific proteinkb RNA that could be detected as early as 24 hr postin-
fection (Fig. 2A, lane 2) and in the presence of PFA (300 encoded from the UL105 ORF we used UL105 anti-pep-
tide antiserum generated from peptides RFVFPPSSI-mg/ml) at 96 hr postinfection (Fig. 2A, lane 6). No specific
signal could be detected in lanes loaded with RNA ex- RNPSY and AWSGGENPINNHVDADSSQG derived from
positions 386–399 and 651–670 of the predicted UL105tracted from cells that were treated with cycloheximide
(200 mg/ml) or in lanes loaded with RNA harvested from ORF. This antiserum was reacted with TCA precipitated
protein from nuclear extracts prepared from infected HFFmock-infected cells (Fig. 2A, lanes 1 and 7, respectively).
Blots were rehybridized with a probe specific for 18S cells, COS7 cells transfected with a UL105 expression
construct, or cellular extract from Sf21 cells infected withRNA as an internal control to determine the relative
amounts of RNA loaded (Fig. 2A, bottom). a recombinant baculovirus expressing the UL105 ORF.
PAGE-separated proteins were transferred to Immobi-The location and sequence of the 5*-end of the UL105
transcript were determined by primer extension analysis. lon P membrane (Millipore) and protein detection was
performed by incubating blots with primary antibody di-We used the UL105 cDNA sequence as a guide to design
primer-extension primers that were used to prime total luted 1:300 in PBS and 10% nonfat dried milk for 15 hr
at 47. Blots were washed 31 in wash buffer (PBS, 0.1%cell RNA from HCMV-infected and uninfected HF cells.
A 32P 5*-end-labeled oligonucleotide (5*-AGAGGACCT- Tween 20) and reacted with secondary donkey anti-rabbit
IgG antibody (Amersham) conjugated with horseradishGGAGCAGTATCTGTTG-3*) was used which is comple-
mentary to the UL105 sequence 60 nucleotides down- peroxidase. Development was done with an ECL (Amer-
sham) chemiluminescence kit according to the manufac-stream of the 5*-end of the cDNA insert corresponding
to bases 60–84 of the cDNA sequence. The result of the turer’s instructions. In these experiments we also used
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FIG. 2. (A) Northern blot of HCMV-infected total cell RNA harvested at various times postinfection. A UL105 riboprobe was generated from the
XbaI –NotI fragment using T7 RNA polymerase. This probe hybridized to a 3.4-kb RNA (arrow) which was detected in the presence of PFA, but not
in the presence of cycloheximide. Lanes: 1, RNA harvested from HFF cells 12 hr postinfection in the presence of 200 mg per milliliter cycloheximide;
2, RNA harvested from HFF cells 24 hr postinfection; 3, 48 hr postinfection RNA; 4, 72 hr postinfection RNA; 5, 96 hr postinfection RNA; 6, 96 hr
postinfection RNA harvested from cells treated with 300 mg per milliliter PFA. Steady-state 18S RNA levels are also shown. RNA molecular weight
markers are shown to the right in kilobases. (B) Five prime end mapping of the UL105 transcript. Total cell RNA was extracted from 96 hr p.i.
HCMV-infected HFF cells and hybridized to a 25-base oligonucleotide primer (5*-AGAGGACCTGGAGCAGTATCTGTTG-3*) which is 60 nt downstream
of the putative 5*-end of the UL105 helicase cDNA. Homologous sequence is shown to the right, consensus CCAAT and TATA sequences are
indicated, and the asterisk indicates the transcriptional start site for UL105. Lane 1, poly(A)/ RNA; lane 2, total cell RNA.
UL105 total cell protein extracts from a recombinant ba- expression of the HCMV helicase–primase proteins are
to be published elsewhere.culovirus expressing UL105 and total cell protein from
For expression in COS7 cells, the construct pU-COS-7 cells transfected with a UL105 expression plasmid
L105EXP was made by cleaving pUL105 with PvuIIas positive controls.
(151,810) and EcoRI (pGEM) and ligating the resultingThe UL105 polypeptide was expressed in insect cells
fragment into EcoRV–EcoRI-cleaved pcDNA3 (Invitrogen,by the development of a UL105 recombinant baculovirus.
San Diego, CA). This construct was engineered to ex-The UL105 ORF was amplified by PCR using HCMV ge-
press a protein generated from the largest UL105 ORFnomic DNA obtained from Advanced Biotechnologies
(151,850 to 154,787) with the UL105 gene.Inc. (Columbia, MD). The PCR product was gel purified
Figure 3 shows the results of an immunoblot whereand subsequently inserted into pGEMT (Promega, Madi-
UL105 anti-peptide antiserum detected an HCMV-in-son, WI) to create pGEM/UL105. The primers used for
fected and COS7 cell-transfected UL105 expressed pro-the PCR reaction were designed to initiate translation
tein. UL105 anti-peptide antiserum detected a 110-kDafrom the ATG at HCMV position 151,850 and terminate
band from a total cell protein extract prepared from SF21synthesis from the TAA sequence at position 154,787.
cells infected with a recombinant baculovirus expressing
The identity of the pGEM/UL105 DNA construct was con-
the UL105 ORF (Fig. 3, lane 1). Total cell protein from
firmed by complete nucleotide sequencing. The UL105 COS7 cells transfected with a UL105 expression con-
ORF was removed from the pGEMT/UL105 construct and struct and protein from control transfected (vector) COS7
ligated into pVL1393, resulting in the construct pVL1393/ cells were used as positive and negative controls for
UL105. The recombinant UL105-expressing baculovirus UL105 expression in this mammalian cell system (Fig.
AcMNPV/UL105 was constructed by the cotransfection 3, lanes 3 and 2, respectively). The UL105 anti-peptide
of pVL1393/UL105 with linerized baculovirus DNA (In- antiserum detected a protein species with the same mo-
vitrogen, San Diego, CA) as described (19). Individual lecular weight as the protein band detected in the COS7
polyhedrin negative viruses were isolated by several cell-transfected samples as in the UL105 recombinant
rounds of plaque purification. AcMNPV/UL105 was iden- baculovirus protein sample (Fig. 3, compare lanes 5 and
tified by Western blotting extracts from baculovirus-in- 3). An HCMV-infected cell protein was detected in nu-
fected Sf9 cells from anti-UL105 immunoreactive infec- clear extracts prepared from 96 hr infected HFF cells,
tion-dependent material. The UL105 protein used here and this band has the same molecular weight as the
was expressed in Sf21 cells and isolated as described protein band seen in both UL105 recombinant baculovi-
for the HSV-1 helicase–primase holoenzyme through the rus and COS7-transfected samples (Fig. 3, lanes 5, 1,
and 3, respectively).heparin–agarose stage (18, 20). Further details on the
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sites within the UL105 putative coding sequence that are
associated with helicase activity (14, 17). In HSV-1 the
heterotrimer composed of UL5, UL52, and UL8 proteins
is capable of primase and helicase activity in vitro (13,
15, 16, 18). The HSV-1 UL5 gene product was identified
as a 97-kDa nuclear associated protein (12, 23). The
EBV homolog, the BBLF4 gene product, has a predicted
molecular weight of 94 kDa (24).
In an earlier report we characterized the HCMV UL102
transcription unit and identified possible protein coding
sequences (8). In this report we focused on the HCMV
UL105 gene which encodes the candidate helicase pro-
tein. The mRNA for UL105 is a 3.4-kb species which can
be detected as early as 24 hr p.i. in the presence of PFA
but not in the presence of cycloheximide. This pattern of
expression is consistent with the HCMV early kineticFIG. 3. Western blot analysis of infected and expressed recombinant
UL105 protein. For infected HFF cells, nuclear extracts were prepared class of genes. No other significantly abundant RNA spe-
from infected and mockinfected cells, and approximately 4 1 107 HFF cies was detected at any time p.i. using the probe de-
cells (two roller bottles) per time point of infected (m.o.i. of 10) or mock- scribed. Primer-extension analysis determined that the
infected cells were used to isolate nuclei. All procedures were done
5*-end of the UL105 transcript is 19 bases upstream fromat 47. Cells were scraped and pelleted at 3000 g, washed once with 5
the start of the cDNA and 251 nt upstream of the putativevolumes PBS, resuspended in 20 ml of 10 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N*-2-ethanesulfonic acid, pH 7.6), 0.5 mM DTT, 1.5 mM ATG for UL105. The Northern data presented here are
MgCl2 , 10 mM KCl (buffer A), pelleted, and resuspended in 10 ml buffer consistent with the length of the cDNA clone containing
A. Cells were then transferred to a Wheaten Dounce homogenizer (B the UL105 mRNA. Since the initiation of the transcript is
type pestle) and lysed by 20 strokes or until complete lysis as deter-
upstream of an apparent TATA box we must assume thatmined by microscopic examination. Intact nuclei were then pelleted at
this element is not used with respect to transactivation3000 g for 10 min in a Sorvall table-top centrifuge. The pellet was
centrifuged a second time at 13,000 g for 20 min to remove last of the and regulation of transcription for this gene. We have
cytoplasm. This nuclear pellet was resuspended in 9 ml of 20 mM used several different primers in our primer-extension
HEPES, 25% glycerol, 1.5 mM MgCl2 , 0.2 mM EDTA, 0.5 mM DTT, 400 experiments to confirm that this is indeed the mRNA start
mM NaCl, and 0.5 mM PMSF. Nuclei were lysed with 40 strokes of a
for this gene (25). In addition, no other primer-extensionDounce homogenizer and then incubated at 47 for 1 hr. This mixture
product defining different mRNA start sites could be de-was centrifuged at 30,000 g for 30 min in a Beckman JA-17 rotor. The
supernatant was precipitated with trichloroacetic acid (TCA), neutral- tected in RNA samples harvested at various times p.i.,
ized with 0.1 N NaOH, resuspended in 300 ml in 11 gel loading buffer ruling out the possibility of alternate start sites during
(0.4% SDS, 12 mM Tris–HCl, pH 6.8, 5% glycerol, 2.9 mM 2-mercapto- different times after infection (25). The size of both the
ethanol, and 0.02% bromphenol blue), heated at 957 for 2 min, and
isolated cDNA insert and the transcript detected in North-electrophoresed through a 7% SDS–PAGE gel for 15 hr at 20 mA at
ern analysis is consistent with the 5*- and 3*-ends of theroom temperature and transferred to Immobilon P (Millipore). Total cell
protein was used for both COS7 cell gene expression and recombinant UL105 transcript.
baculovirus gene expression. Lanes: 1, total cellular protein from Sf21 Primer-extension and cDNA sequence data also sug-
cells infected with a recombinant baculovirus expressing the largest gest that the consensus CCAAT box(es) at nucleotides
ORF within UL105; 2, total cell protein from COS7 cell transfected with 030 and 050 may be utilized with respect to transactiva-pcDNA3; 3, total cell protein from COS7 cells transfected with pU-
tion and regulation for the UL105 gene. The CCAAT-L105EXP; 4, protein from a nuclear extract prepared from mock-infected
HFF cells and uninfected HFF cells; 5, protein from a nuclear extract dependent regulation of other HCMV early-class promot-
prepared from HCMV-infected (96 hr) HFF cells. ers has been described for the HCMV DNA polymerase
(UL54) promoter, which is affected by mutations in re-
gions containing a CCAAT element and the UL4 promoterThe HCMV putative helicase–primase complex is en-
where the presence of a CCAAT element strongly con-coded by genes UL105 (helicase), UL70 (primase), and
tributed to the activity of this gene’s promoter (10, 26).UL102 (primase-associated factor). These genes, in addi-
We have used this upstream region in a reporter genetion to other early and immediate early genes, were re-
expression assay and have seen significant promoterquired for HCMV origin-dependent DNA replication in a
activity (25).cotransfection–replication assay (1, 2). In similar assays,
Inspection of the Towne UL105 cDNA sequence re-the HSV-1 and EBV homologs to the helicase–primase
vealed that the putative helicase transcript is unsplicedgenes were also required for replication (4, 11, 12, 21,
and has a 97% homology to the AD169 genomic nucleo-22). The evidence that UL105 encodes the HCMV heli-
tide sequence (25). The largest ORF within this sequencecase and is the HSV-1 UL5 counterpart is based on the
is 981 amino acids long with the capacity to encode asignificant nucleotide sequence homology of HCMV
UL105 to HSV-1 UL5 and the identification of ATP-binding 109.5-kDa protein. An infected cell protein was identified
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